Cretaceous, strongly alkaline mafic igneous provinces occur around the margins of the Ordovician to Cretaceous Paran~t sedimentary basin of southern Brazil. The Serra do Bueno diatreme is situated in the southern portion of the largest of these alkaline provinces, the Alto Paranalba Igneous Province in Minas Gerais. The well-exposed diatreme crops out close to the south-west surface limit of the S~o Francisco craton and is adjacent to several other poorly exposed ultramafic alkaline pipes, previously described variously as kimberlites (Barbosa, 1991) and lamproites (Ramsay and Tompkins, in press). The diatreme has two distinct facies: (1) a crater facies dominated by lapilli tufts; and (2) a magmatic hypabyssal facies formed by a relatively fresh ultramafic (MgO = 15 wt.%) potassic (K20/Na20 = ~ 1.5) intrusion that contains xenoliths of meta-sediments, feldspathic gneiss and dunite. It is massive and porphyritic, with large olivine phenocrysts (FOsT) and smaller crystals of diopside (CasoMg44Fe6), phlogopite, perovskite, ilmenite and zeolites in a fine-grained groundmass that contains altered leucite and up to 20% devitrified glass. The Serra do Bueno intrusion shows a strong enrichment in light relative to heavy rare earth elements, with La/Yb of ~85. Its initial S7Sr/S6Sr (0.705176) and 143Nd/t44Nd (0.512312) isotopic ratios are similar to those of other intrusions (e.g. Limeira 2) and lavas (e.g. Presidente Oleghrio) in the Alto Paranaiba Igneous Province. This suggests that these Late Cretaceous alkaline magmas were all derived from a similar source, predominantly within the subcontinental lithospheric mantle.
Introduction
ULTRAMAFIC alkaline rocks, such as kimberlites and lamproites, are characteristic of magmas generated within and adjacent to the cratonic regions of the earth's continental lithosphere. The low temperature, volatile-rich melts forming these rocks are volumetrically insignificant, but they typically exhibit extreme enrichments of incompatible trace elements. This feature, together with their low liquidus temperature and small volumes, makes them less susceptible than other magma types to open-system post-genesis processes, such as crustal contamination. The current general concensus is that they are derived by heating and/or thinning of the sub-continental lithospheric mantle (e.g. Ellam and Cox, 1991; Gibson et al., 1993; Hawkesworth et al., 1986; Marsh, 1987; Peate et al., 1990; Thompson et al., 1990 ). As such they are important geochemical indicators of the lithospheric melts that are thought by many investigators to dominate the incompatible element and Sr, Nd and Pb isotope chemistry of continental flood basalts (e.g. Carlson, 1991; Ellam and Cox, 1991; Hawkesworth et al., 1988; McDonough, 1990) .
During the Cretaceous, alkaline magmatism was widespread in southern Brazil and Paraguay, around the margins of the Paran~i Basin~ This long-lived major structure has a history of multiphase extension between Late Ordovician and Late Cretaceous times (Zalan et al., 1987) . Recently, the emphasis on Cretaceous magmatism in this area has tended to concentrate on the vast outpourings of tholeiitic magma that comprise the Paran/t flood basalts, the Serra Geral Formation (e.g. Bellieni et al., 1986; Piccillero et al., 1988; Hawkesworth et al., 1988; Peate et al., 1990) , whose distribution seems to have been controlled by the lithospheric 'thinspot' of the Paranfi sedimentary basin (Thompson and Gibson, 1991) . In Brazil and Paraguay the alkaline magmas both pre-and post-date the eruption of the Paran~ flood basalts. The largest region of Brazilian Cretaceous alkaline magmatism is in Alto Paranaiba Igneous Province (APIP) of Minas Gerais and Goias (Fig. 1 ). This province is composed of a wide range of magma types (Svisero et al, 1984; Leonardos and Meyer, 1991) ranging from carbonatites (e.g. Tapira, Araxh) to kimberlites (e.g. Limeira, Indai~t and Tr~s Ranchos) and ultramafic potassic rocks (e.g. Presidente Oleghrio). These outcrop as dykes, pipes, diatremes, lava flows and pyroclastic deposits. Serra do Bueno is located in the southern portion of the province, in the Bambui region close to several Cretaceous ultramafic potassic pipes (Almeida, Boa Esperan~a, Cana Verde, Inga and Quarteis; Barbosa et al., 1970) . Detailed published descriptions of the petrology of individual units of the APIP are uncommon. Here we give the first account of an important locality at the southern end of the region.
General geology
The Serra do Bueno diatreme is located 200 km west of Belo Horizonte, Minas Gerais (Fig. 1 ). It forms a roadside outcrop for a distance of approximately 100 m, beside the BR262, 22 km east of the junction with the BR354 (46003 ' 19~  Fig. 2 ). The diatreme is located in the southern portion of the APIP which covers an area of 105 km 2, extending from Coromandel in the north to Bambui in the south (Fig. 1 ). This province is closely associated with the Alto Paranaiba arch which is a structural and gravity high that developed during the Cretaceous (Costa and Sad, 1968) . The arch separates the Paran/t Basin to the south-west from the S~o Franciscan Basin to the north-east and is defined by large northwest/ southeast trending tholeiitic dykes,similar in composition to the basalts of the Serra Geral Formation (our unpubl, data) The ultramafic alkaline rocks in the Bambui region are situated close to the present day, southwest surface limit of the Archaean S~o Francisco craton (Fig. 1) . Although the western boundary of this craton is not at all well-defined, due to masking by Proterozoic rocks, gravity studies by Almeida et al. (1980) and Pires (1986) suggest that the whole of the APIP lies well within the limits of the craton. This is reinforced by the recent discovery of a garnet lherzolite xenolith in the west of the province, at Tr~s Ranchos, which appears to have equilibrated at depths of around 150 km (Leonardos et al., 1993) .
Field characteristics
The Serra do Bueno diatreme is emplaced into flat-lying green and red metamorphosed sandstones and shales of the Proterozoic Bambui Group (Fig. 3) . The igneous structure is separated from the surrounding country rocks by sharp discordant contacts. The good exposure at this locality has allowed us to identify two different facies within the diatreme: (1) Tuffaceous deposits that are rather weathered. These show evidence of parallel stratification but no signs of cross-stratification. The layers are typically between 50-70 cm thick and composed of rounded lapilli 1-2 cm in diameter. Relics of serpentinized olivines are also present amongst the lapilli. Some layers contain larger clasts up to 8 cm in diameter. These deposits are similar to those observed in the crater facies of ultramafic vents (Dawson, 1980; Lorenz, 1985; Smith and Lorenz, 1989) . (2) A dominantly magmatic hypabyssal facies consisting of a dyke-like structure which crosscuts the adjacent tuffaceous deposit to the west and Bambui Group sediments to the east (Fig. 3) . The intrusion appears to have been emplaced asymmetrically with respect to the overall structure of the diatreme. It is relatively fresh and is formed by a massive, ultramafic, porphyritic rock that has large olivine phenocrysts and very small phlogopites. Xenoliths of Schobbenhaus et al., 1984) and the location of Serra do Bueno diatreme. Other localities that are referred to in the text are also shown.
limestone and slate (from the surrounding Bambui Group), feldspathic gneiss and dunite are also present within the intrusion. The feldspathic gneiss xenoliths have irregular, wavy margins and appear to have been partially melted by the surrounding magma. These gneiss xenoliths bear no resemblance to the Proterozoic rocks of the region and are probably derived from the underlying Archaean craton. This region contains numerous alluvial diamond prospects (Barbosa et al., 1970) (Fig. 3) . The Serra do Bueno diatreme lies to the south of the present day outcrop of the tufts and lavas of the Mata da Corda Formation that comprises much of the magmatism in the APIP (Fig. 1) . Despite the tufts and lavas outcropping over a large area they are poorly exposed, due to the intense tropical weathering. One of the freshest exposures of the latter is at Presidente Oleg~rio in the northern portion of the province. Here lava flows and tufts are cut by numerous thin dykes and are associated with a weathered intrusive facies. The volcanic succession consists of: (1) pyroclastic horizons with block-sized ejecta of volcanic and unexposed plutonic facies, and Serra do Bueno xenoliths of dunite and pyroxenites; and (2) amygdaloidal ultramafic potassic lavas . Strongly weathered remnant vent regions of the Mata da Corda volcanics are also present at Japecanga (Tompkins, 1991) and in the area of Lagoa Formosa and Carmo do Paranaiba (Moraes et aL, 1986; Seer et al., 1989) . Some localities within these regions yield abundant unweathered material, suitable for detailed chemical studies (Gibson et al., in press). The petrogenetic relationship between the lavas of the Mata da Corda Formation and the Serra do Bueno diatreme is considered below.
Interpretation of field characteristics
The present-day outcrop at Serra do Bueno appears to represent the deeply eroded remnants of the root zone of a vent. The structure seems to have developed in at least two stages: (1) an initial stage of explosive activity associated with the eruption of tufts in the crater facies, subsequently followed by (2) the more quiescent intrusion of ultramafic potassic magma, which may have erupted at the surface to form lavas that have since been eroded. The two distinctive facies present at Serra do Bueno are similar to those that have been reported from kimberlites and lamproite pipes. However, one of the important differences between the feeder systems of these two magma types is the absence of a central intrusion in kimberlite diatremes (Mitchell and Bergman, 1991) . In terms of its structure, the Serra do Bueno diatreme closely resembles the Ellendale lamproite pipes in Western Australia (Smith and Lorenz, Steiger and J~iger (1977) .
1989). It is interesting to note that, unlike some basaltic volcanoes, the pyroclastic deposits form well-stratified units in both the lamproite vents and the Serra do Bueno diatreme. It has been proposed that the contrast in morphology between kimberlite and lamproite pipes relates to the difference in volatile content of the two magma types. Mitchell and Bergman (1991) suggested that the high content of H20 in lamproites, which becomes insoluble at low pressures, causes the explosive vent activity to occur only at shallow depths (0.5-1 km). A sudden reduction (by effervescence) in volatile content of the magma is thought to cause the change from pyroclastic to magmatic activity. Kimberlites are relatively rich in CO2, which is insoluble in silicate melts at higher pressures than H20, and is therefore thought to exsolve at greater depths (1-2 km). The parental magma of the Serra do Bueno intrusion has a similar composition to the East African kamafugite family of rocks (see below). Very little information is available on the structure of the feeders of kamafugitic rocks but experimental studies have shown that the melts were generated in an environment with high CO2/ H20 ratios (Edgar, 1987) . If the magma associated with the Serra do Bueno diatreme is analogous to the East African kamafugites and was rich in CO2, then the model proposed by Mitchell and Bergman (1991) to explain the different structure of kimberlite and lamproite vents may have been oversimplified. The Serra do Bueno diatreme demonstrates that CO2-rich magmas are capable of forming vents at shallow depths, in addition to the deep root zones that have previously been associated with kimberlite pipes. We conclude Laser argon determinations were made at the Open University using the method described by Hawkesworth et al. (1992) .
from this that the contrast in morphology between kimberlite and lamproite pipes may be more complex than just their different volatile contents.
Age
Recent K/Ar ages of rocks from the APIP consistently fall between 70 and 90 Ma (Ulbrich and Gomes, 1981; Gibson et al., in press) , with most of these ages having been determined on rocks from the north-east and central parts of the province. The only previous available date for the Serra do Bueno dyke was an unpublished K/Ar age of 45 Ma by Hasui, reported by Ulbrich and Gomes (1981) . As this is considerably younger than any other previously published ages for the APIP, we have dated a sample from this intrusion by K/At whole-rock techniques (Wilkinson et al., 1986) . This yielded an age of 37+__0.5 Ma (Table   1) . Given the similar whole-rock composition of the Serra do Bueno dyke to other intrusions and lavas in the APIP (see below') we decided to also date the same sample by laser a~ techniques. Although the rock contains phlogopite the crystals are very small and it was not possible to obtain laser analyses of them. Instead we have determined isochrons for Serra do Bueno using analyses from both the groundmass and olivine phenocrysts (Table 2 ). An isochron for both sets of analyses gives an age of 67___ 16 Ma (Fig. 4a) . The large error bar associated with this age is partly caused by an anomalous olivine analysis. If only the analyses from the groundmass are considered and the isochron is tied to atmospheric Ar (air), then an age of 90+4 Ma is obtained (Fig. 4b) . This latter age is consistent with K/Ar ages (84 Ma) that we have determined on mica separates from the Mata da 
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Gibson et al., in press). The slightly older ~ age for the Serra do Bueno intrusion may be due to slight recoil effects arising during the generation of 39mr from 39K during, neutron irradiation. These may lead to a loss of 39Ar from the microlites and crystallites that comprise the devitrified groundmass. If the proportion of 39Ar lost via this mechanism exceeds the cumulative total loss of 4~ then an over-estimate of the geological age may arise. The similarity in age of the Serra do Bueno intrusion, in the south of the APIP, with other intrusions and lavas in the north suggests that there were no spatial and temporal shifts in volcanic activity, i.e. magmatism was contemporaneous throughout the whole of this large alkaline province.
Petrology and mineral chemistry of the Serra do Bueno intrusion
The Serra do Bueno dyke comprises olivine phenocrysts and microcrysts of olivine, diopside, phlogopite, spinel, perovskite, ilmenite, leucite and zeolites set in a fine grained groundmass that contains devitrified glass. Representative mineral analyses are shown in Table 3 . Large (2 cm) euhedral to subhedral phenocrysts of olivine form approximately 25% of the rock. A few of these olivines have slightly corroded Brasilia using a Cameca SX-50 microprobe. margins and some are partially mantled by laths of phlogopite. The olivine is highly magnesian (Fo86-Foss) and shows no evidence of strong chemical zonation. It has high NiO (0.2-0.4 wt.%) and low CaO contents (< 0.2 wt.%).
Small prismatic crystals (<0.5 mm) of clinopyroxene form approximately 40% of the matrix. The clinopyroxene crystals are diopsides (CasoMg44Fe6) and show limited chemical zonation. They are relatively poor in TiO2 (1-2 wt.%), A1203 (<0.7 wt.%) and Na20 (< 1 wt.%).The phlogopite is present in a low modal amount. It forms crystals that are typically <0.5 mm long and are often associated with the patches of devitrified glass. The phlogopite has a high content of TiO2 (6 wt.%) and BaO (2.5 wt.%), low contents of A1203 (8 wt.%). Spinel, ilmenite and perovskite are present as small groundmass grains and representative analyses are shown in Table 3 . Leucite and zeolites also occur in small amounts. Some of this leucite appears to be pseudomorphed by analcite. The groundmass contains up to 20% glass which is devitrified and has a green colouration.
Comparison with other ultramafic potassic rocks. The mineral compositions of the olivines, phlogopites and diopsides from Serra do Bueno are similar to those from other localities in the north of the APIP. For example, the olivine and diopside have similar compositions to those in the lavas at Presidente Oleg~irio and the intrusions at PSntano , Limeira 2 and Indaih 2 . In relation to other worldwide potassic rocks, the diopsides from the APIP are more enriched in A1 than those of typical lamproites, e.g. Smoky Butte, West Kimberley, but are less enriched than those of the Ugandan kamafugites (Fig. 5) . The Serra do Bueno and Presidente Oleg~irio phlogopites are slightly more enriched in TiO2 and depleted in A1203 than the phlogopite macrocrysts from the intrusions at Phntano, Limeira and Tras Ranchos (Danni et al., 1991; Fig. 6 ). The former appear to be similar in composition to madupitic lamproites from West Kimberley, Prairie Creek and Leucite Hills (Mitchell and Bergman, 1991; Fig.6 ).
Whole-rock chemistry
Major elements and chemical classifcation. The ultramafic dyke is the least weathered facies of the Serra do Bueno diatreme and has been analysed in order to determine the nature of the parental magma (Table 4 ). The intrusion is silica-undersaturated (SIO2 = 40--41 wt.%) and rich in TiO2 (4.3 wt.%). It is potassic, with a K20/Na20 ratio of 1.5-1.8, and ultramafic (MgO = 15-16 wt.%). The rock has a high CaO (12-13 wt.%) and low A1203 content (6-7 wt.%).
The major-element chemistry of the Serra do Bueno intrusion is very similar to the lavas of the Mata da Corda Formation. They are all characterized by low SiO2 and A1203 and high CaO contents relative to other potassic rocks. Using the classification scheme of Sahama (1974; Fig. 7a) and Foley et aL (1987) , both the Serra do Bueno intrusion and the lavas plot in the same field as the kamafugite family of rocks from East Africa. The published analyses of the latter suggest that they generally have lower MgO contents (Fig.  7b) . The similarity of the whole-rock chemistry of the Serra do Bueno intrusion to kamafugites contrasts with the lamproitic affinity of the (Dawson and Smith, 1977; Smith et al., 1978; Jaques et al., 1986; Scott-Smith et al., 1989; Mitchell and Bergman, 1991) . Symbols for the APIP are as follows: shaded squares, Tr~s Ranchos (Danni et al., 1991) : open circles, Presidente Oleghrio, ; open triangles, Pfintano (Meyer et al., t991) ; dosed squares Limeira and Indai~ In Table 4 and Fig. 8 we have compared the contents of incompatible trace elements in the dyke with representative lavas and intrusions from the north and central regions of the APIP that have similar concentrations of MgO (16 wt.%). This table and diagram show that the -intrusions and lavas have remarkably similar concentrations of incompatible trace elements. Whilst slight differences occur in the concentrations of elements, such as Sr, P and Ti (that enter minerals which crystallise at high temperatures from these unusual magmas, e.g. apatite and perovskite), the incompatible trace element pattern of the Serra do Bueno intrusion is almost identical to the Presidente Oleghrio lava.
We have also determined initial 87Sr/S6Sr and 143Nd/144Nd ratios of 0.705176 and 0.512312, respectively, for the Serra do Bueno intrusion. These ratios are comparable to those of other (Thompson et al., 1984) . intrusive and extrusive rocks in the APIP, whose initial Sr and Nd isotopic ratios range from 0,7046-0.7060 and 0.51238-0.51214 respectively. The comparable whole-rock compositions and radiogenic isotopic ratios of mafic rocks in the APIP suggest that these Late Cretaceous alkaline igneous rocks were all derived from a similar source. When the geochemistry of this igneous province is considered as a whole (Bizzi et al., 1991; Gibson et al., in press) , it seems probable that the source of the magmas was mostly within the sub-continental lithospheric mantle. On a conventional Sr-and Nd-isotope diagram these rocks predominantly plot in the enriched quad-rant, in between the Group I and Group II South African kimberlites (Fig. 9 ). Relative to many other potassic marie and ultramafic rocks (e.g. West Kimberley, Finsch Mine), they are only slightly enriched in SVSr. This, together with low (La/Nb), ratios, suggests that enrichment of the lithospheric source-mantle in strongly incompatible elements and LREEs was more likely to have been caused by the percolation of K-rich smallvolume melts from the underlying asthenosphere, rather than by subduction processes. The latter would have produced high Rb/Sr ratios and large (La/Nb), ratios. The moderate 143Nd/144Nd isotope ratios suggest that the lithospheric mantle beneath Alto Paranaiba may have been metasomatised relatively recently, in comparison with the sources of other world-wide potassic magmas, such as Smoky Butte and the Leucite Hills (Gibson et al., in press).
Conclusions
The similarities in mineralogy and whole-rock chemistry between the Serra do Bueno intrusion and the Mata da Corda lavas (e.g. Presidente Oleg~rio) suggest that they are genetically related. This eroded vent may well have been one of many feeders that were associated with the eruption of the Mata da Corda tufts and lavas. However, due to the effects of intense tropical weathering and variations in the exposure level, few of these are preserved. The Serra do Bueno diatreme therefore offers a rare opportunity to examine the feeder systems, and hence increase our understanding of the genesis of this voluminous ultramafic potassic volcanic province. PIO. 9. Initial S7Sr/S6Sr versus 143Nd/144Nd for the Serra do Bueno intrusion. The fields of the Alto Paranaiba Igneous Province (Gibson et al., in prep.) and other world-wide ultrapotassic rocks are shown for comparison. Data sources are as follows: Hawkesworth and Vollmer (1979) , Smith (1983 ), Vollmer et al. (1984 , Rogers et al. (1985) , Fraser (1987 ), Ito et al, (1987 , Davies and Lloyd (1989) .
